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ABSTRACT 

The low-mass X-ray binary microquasar GRO J1655-40 is observed to have a 
misalignment between the jets and the binary orbital plane. Since the current black 
hole spin axis is likely to be parallel to the jets, this implies a misalignment between 
the spin axis of the black hole and the binary orbital plane. It is likely the black holes 
formed with an asymetric supernova which caused the orbital axis to misalign with 
the spin of the stars. We ask whether the null hypothesis that the supernova explosion 
did not affect the spin axis of the black hole can be ruled out by what can be deduced 
about the properties of the explosion from the known system parameters. We find that 
this null hypothesis cannot be disproved but we find that the most likely requirements 
to form the system include a small natal black hole kick (of a few tens of kms -1 ) and 
a relatively wide pre-supernova binary. In such cases the observed close binary system 
could have formed by tidal circularisation without a common envelope phase. 

Key words: X-rays: binaries; supernovae supernovae 



1 INTRODUCTION 

It has long been known that neutron stars have much 
greater space velociti es than their likely progenitors 
jGunn fc Ostrikeri ri970) and it is now widely accepted that 
that this is because they acquire large velocit y kicks in 
the supernova explos ions in which they form (Sh klovskiH 
Il97d : ISutantvdll97sh . The reasons for these kicks is still 
a matter for debate with the leading candidates being 
asymmetric neutrino emission and/or asymmetric mass re- 
lease during the supernova explosion and core collap se 
jBrandt fc Podsiadlowskllll995l ; iPodsiadlowski et alj|2002h . 

We address here the question of the extent to which 
similar kicks may be present when black holes form. Be- 
cause the material forming the black holes passes through 
the eve nt horizon it is quite possible t hat few neutrinos can 
escape l|Gourgoulhon fc Haensell 19931 ) so that the black hole 
could form with little or no natal kick. On the other hand, 
asymmetric collapse to form a black hole might lead to copi- 
ous emission of gravitational waves llBonnell fc Pringlell 19951; 
iKobavashi fc Me szaroz 2003). In addition. iLvne fc Lorimen 
i 19941 ) note that in a binary system a black hole can form 
by accretion of matter on to a neutron star. In that case the 
kick given to the original neutron star would appear as a kick 
given to the current black hole. Evidenc e that black holes are 
indeed kicked comes from the work of Ijonker fc Nelemansl 
( 2004). They looked at the out-of-plane distributions of low 
mass X-ray binaries and neutron stars. They found no signif- 
icant difference between the two, leading to the conclusion 



that black holes are subject to similar kicks at their forma- 
tion. 

In this paper we accept the evidence that stellar black 
holes do indeed acquire a velocity kick when they form, but 
we inquire further into the nature of the kick. In particular 
we ask whether the mechanism which gives rise to the kick 
might also give rise to a misalignment of the black hole spin 
axis with the original spin axis of the star from which it 
formed. The black hole progenitor star most likely had its 
spin aligned with the binary orbit before the supernova. A 
simple spherical collapse would preserve the spin axis, but a 
more complicated collapse might not. We consider here the 
simple null hypothesis that the spin axis remains unaltered 
by the kick process and test the extent to which this might 
be contradicted by the evidence. 

We focus on the microquasar GRO J1655-40. As we dis- 
cuss in Section [2] there is considerable information for this 
system, about the size of the natal velocity kick and also 
on the misalignment between the current black hole spin 
and the binary orbital axis. In Section [3] we outline the dy- 
namics of natal kicks and their implications for spin/orbital 
misalignment and in Section [4] apply these results to GRO 
J1655-40. We discuss our results in Section [5] 



2 THE MICROQUASAR GRO J1655-40 

Microquas ars are black-hole X-ray bina ries with relativistic 
radio jets (|Mirabel fc Rodriguez|[l999T ). GRO 1655-40 is a 
binary system consisting of a black hole of mass M2 = 6.3 ± 
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0.5-Mq and a lobefilling companion star w ith mass Mi = 
2.4±0.4M Q (|Greene, Bailvn fc 01083120011 ). The binary sys- 
tem has a large systemic radial veloc ity with respect to the 
Sun of V R = -142 .4 ± l.Skms" 1 jOrosz fc Bailvnl 1 19971 ; 
IShahbaz et all Il999|)_ and this together with the observed 
proper motion led llVlirabel et all {2002) to deduce that the 
system has a current space velocity of 112 ± 18kms _1 . 

This space velocity can be the result of a combination 
of two physical causes, instantaneous mass loss during the 
supernova explosion and an additional kick owing to asym- 
metry in the explosion itself. The first depends on the mass 
lost during the explosion as well as on the pre-supernova 
orbital velocity. That is, it depends on the nature of the bi- 
nary just prior to the explosion. Further, if the amount of 
mass lost is too large, then an additional, carefully directed 
kick may be required to keep the system bound. Given the 
current position and space velocity of the orbit, computa- 
tion of the likely post-explosion orbit coupled with analy- 
sis of the likely natu re of the pre-explosion system have led 
IWillems et all (120051 ) to conclude that immediately after the 
formation of the black hole the system had a space velocity 
in the range 45kms _1 < v ByB < 115kms _1 . We make use 
of this constraint in Section [4] They conclude that although 
a symmetric supernova event (no intrinsic black hole kick) 
cannot be ruled out, the constraints can be satisfied more 
comfortably if the black hole did indeed have an intrinsic 
natal kick of a few tens of kms -1 . They set an upper limit 
to the intrinsic kick of 210kms~ . 

In this paper we consider the additional constraint that 
the axis of the spin of the black hole, (measured by the di- 
rection of the relativistic jets) , is misaligned with the orbital 
angular velocity, along with the null hypothesis that any in- 
trinsic kick imparted to the black hole does not change its 
direction of spin. This hypothesis implies that the kick im- 
parts linear but not angular momentum to the black hole. 
The angle the jets make to the line of sight was measured by 
iHiellming fc Rupenl (119951 ) to be ijet = 85° ±2°. The inclina- 
tion of the b inary rotation axis to the line of sight is Wb = 
70°.2±1°.9 jOrosz fc Bailvnll 19971 ; iGreene. Bailvn fc Oroszl 
l200ll ). So we take the angle i between the black hole 
spin axis and the binary o rbital axis to lie in the rang e 
15° ± 5° ^ % < 165° ± 5° (IMartin, Tout fc Pringlel 120081) . 
iMartin, Tout fc Pringlel (|2008l ) also show that if the black 
hole is spinning, interaction between the hole and the accre- 
tion disc tends to reduce i. The only rigorous constraint that 
we can put on the misalignment angle i immediately post- 
supernova is that i > 10° though it could be much greater 
than this. 

The result of the mass loss coupled with any intrin- 
sic kick woul d have left the the binary sys tem in an ec- 
centric orbit (jBrandt fc Podsiadlowskilll995l ) but of course 
the orbit of GRO J 1655-40 is now circular. To achieve this 
it is necessary that the post-explosion orbit be such that 
it could be circularised by tid es. Using the formulae given 
by iHurlev. Tout fc Pols! (|2002h we can estimate the circu- 
larisation timescale of the system in its current state to be 
about 2 x 10 5 yr. This is sufficiently shorter than the evo- 
lution time, of at least 3 x 10 6 yr since mass transfer began 
jMartin, Tout fc Pringlell2008l ) and so the circular orbit now 
is not an unreasonable expectation. 



3 MODEL 

In the absence of any other information on the kick it still 
makes sense to see what a kick distribution like that used 
for neutron stars might imply about inclinations in micro- 
quasars. We assume that prior to the supernova the binary 
is in a circular orbit with two stars of masses Mi and M2 
with relative orbital velocity v or h- We then suppose that star 
2 then has an asymmetric supernova explosion in which it 
loses mass AM = M% — M' 2 and which gives it an intrinsic 
kick with velocity magnitude ^ Hk < 00. The direction 
of the kick is parameterised by the angle out of the binary 
plane, — 7r/2 ^ <f> ^ 7r/2, and the angle between the direc- 
tion to the instantaneous velocity of the star and the pro- 
jection of the velocity kick on to the binary orbita l plane 
of < cu < 2tt (see fig. 1 of IMartin. Tout fc Pringlel (|2009l) 
for a diagram showing these angles). We denote the angle 
between the angular momentum axes of the old and new or- 
bits as i and, according to our null hypothesis, assume that 
this is the misalignment angle between the spin of the newly 
formed black hole and the new binary orbital axis. That is 
we assume that no angular momentum kick is imparted to 
the remnant. This means that on average material ejected 
in the ex plosion simply carries away its specific ang ular mo- 
me ntum dPodsiadlowski. Rappaport fc Pfahll |2002| ) . 

IMartin. Tout fc Pringlel (|2009l ) find the angles to be re- 
lated by 



«orb 



tan <p 
tani 



(1) 

«k cos <p tan 1 

For a given misalignment angle, i, we must have cosw real 
and so the velocity kick must lie between the locus of cos u> = 
1 (u) = 0°), which corresponds to a velocity 

-1 



v+ 



V OI b 



1 + 



tan <p 
tan i 



(2) 



and the locus of cos a; = — 1 (u) = 180°), which corresponds 
to a velocity 

v.wf.i+MV 1 , (3) 

cos q> \ tan 1 J 

We consider this further in Section|4]once we have examined 
the other constraints on the kick. 



3.1 Bound Systems 

The system must remain bound after the supernova. This 
implies that the velocity kick must be less than 



w OI b sm<p / sin (p . . 

W=-^^+y(3-2/)t b + ^ tb ^ (4) 

jMartin, Tout fc Pringlel 120091 ). Here the fraction of mass 
lost in the supernova from the system / is given by is 

M' 



/ = 1 



M 



(•») 



where the total system mass is M = Mi + M2 before the 
supernova and M' = Mi + M'% after it. 

3.2 System Velocity 

We now calculate the system velocity that results from mass 
loss coupled with the intrinsic supernova kick. We work in 
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the frame of the centre of mass of the system before the su- 
perno va an d follow the ana lysis of iBrandt fc Podsiadlowskil 
l|l995l ) and lKalogeral l| 19961 ). We use Cartesian coordinates 
in the centre of mass frame before the supernova, such that 
the orbital plane is perpendicular to the z-axis and at the 
time of the explosion the stars lie on the i/-axis. The veloci- 
ties of the stars are then 



where 



and 



Vi 



V2 = 



M 

' M 



«orb 



0,0 



Mi 

M 



«orb,0,0 



(6) 



(T) 



Here v ora is the relative orbital velocity. We denote velocities 
of the stars after the explosion by v[ and v' 2 respectively. 
After the supernova the velocity of the companion (star 1) 
is unchanged so that v[ = vi. The velocity of the star which 
experiences the supernova becomes 

v'2 = i>2 + {vk cos </>cos ui, Wk cos (f) sin to, Vk sin (f>) 

«k COS <j> COS UJ + ^rUorb, Vk COS (f) sin UJ, t>k sin (j) ) (8) 
hi J 

The velocity of the centre of mass of the system is zero before 
the supernova explosion. Afterwards it becomes 

Mi M' 2 , 



M' 

M_2, 

M- 



■Vk cos (p COS UJ 



[Ml 
M' 



-Vorb, 



M ' 2 A 

-r-rVk cos 0sm uj, -~i-Vk sin < 

M' r M' 



M 2 



0) 



The magnitude of this velocity is 



Mo 2 2 



_ _ M2M1 

^sya =T77^«k - ^ JVkVorb COS (f) COS UJ 



M' 2 



l 2 

M' 2 ' 



. ,2 Mf 2 

+ f U^v OTh . 



(10) 



For a given set of masses Mi, M2 and M', the system 



velocity is a function only of v sys 
uj = uj(4>,i,Vk.) by equation ([!]). 



,i,Vk) because 



sin uj sin 1 



(12) 



and uj = uj(4>, i, Vk) is defined by equation ([T]). The region R 
in their figure is the region in the <f> — Vk plane for which a 
given misalignment angle i can be produced. We integrate 
this using Mathematica and Monte-Carlo methods. We con- 
sider this further below (Section [4} where we apply these 
particular ideas to the system GRO J1655-40. 



4 MISALIGNMENT OF GRO J1655-40 

In order to calculate misalignment probabilities we need to 
know the properties of the system just before the supernova. 
In particular the masses before and after the supernova are 
not known but varying them does not significantly affect 
our conclusions. So in order to have something specific to 
work with we start with the stat e of GRO J1655-40 af- 
ter th e supernova as discussed by iMartin. Tout fc Pringlel 
(2008). We found two very similar models and we use the 
second which has Mi = 2.8 M and M'2 = 5.08 M and 
the circular period just after the supernova is 1.481 d as an 
example. We then assume that the progenitor was a naked 
he lium star of mass M2 = 1 Mp). This fits with the work 
of iPodsiadlowski et all l|2002l '). lEldridge fc Tout! (|2004h and 
IWillems et al.l (|2005h . We expect the system to be circular 
before the supernova and we need to know the relative or- 
bital velocity just before the explosion, t> rb- The maximum 
pre-supernova circular velocity that can be achieved corre- 
sponds to the closest binary separation that can accommo- 
date the main-sequence star without it filling its Roche lobe. 
The companion naked helium star would be sufficiently com- 
pact to fit well inside its own lobe. For a lobe-filling main- 
sequence star of mass Mi = 2.8 Mq and companion of mass 
M2 = 10 Mq this maximum speed is v oro — 590 km s -1 . In 
practice, the probability of forming the current system be- 
comes very low at high values of v OIO - We shall consider a 
range 50 < u or b/kms _1 < 590. 



3.3 Misalignment Probability 

We are interested in the misalignment angle of the system, i, 
after the supernova kick. This represents the angle between 
the old and new angular momenta of the orbit as shown in 
fig. 2 of IMartin. Tout fc Pringlel (|2009l '). If ^ i < vr/2 then 
the system is closer to alignment than counter-alignment 
and if n/2 < i ^ ir then the system is closer to counter- 
alignment. 

We assume that the intrinsic kick is independent 
of the geometry of the pre-supernova system. Thus the 
kick direction is taken to be uniformly distributed over a 
sphere. We also assume that the velocity distribution of the 
kick is a Maxwellian. Then, IMartin. Tout fc Pringlel (|2009l ) 
find the misalignment angle probability distribution for a 
Maxwellian kick distribution with velocity dispersion Ok to 
be 

/i-\-di r r 
J J Id<f}dv k di, (11) 



4.1 Possible Systems 

In Figs. Q] and [5] we show, for a given pre-explosion or- 
bital velocity, the possible kick parameters in terms of 
and 4> that can produce a particular misalignment angle i. 
In Fig. [T] we consider systems with pre-supernova orbital 
velocity v OTO = 400kms _1 and post-supernova values of 
i — 10° and i — 20° . In Fig. [2] we consider a lower value 
of «orb = 150kms _1 and values of i — 10° and i = 40°. In 
the 4> — Vk plane we require that the values of tj> and i>k lie in 
the region between the v+ (equation [2] solid lines) and V- 
(equation [3] dashed lines) contours. In this region we have 
real values of cosoj. This allowed region is further limited by 
two more factors. First the system must remain bound af- 
ter the supernova. The maximum velocity kick for a system 
to remain bound (equation [4} is shown by the dotted line. 
Above this line the system is unbound but below remains 
bound. Secondly the velocity of the system after the super- 
nova further limits the allowed region in the (f>—Vk plane that 
can produce a given inclination i. We plot the lines where 
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= 45 and 115 kms -1 l|Willems et al.ll2005l ) and require 
that the system must lie between these lines (equation llOl) . 

For the high value of the pre-supernova orbital velocity 
^orb = 400 kms -1 the allowed regions are very small. From 
the upper panels of Fig. [1] we can see that the range of al- 
lowable values of and <j> is highly restricted. In fact there 
are no possible combinations of <j> and «k that can lead to 
a bound system with a misalignment of i > 23° with the 
required system velocity. For « or b = 590 kms" 1 the space 
is further reduced and we cannot produce a system with 
i > 17° (see also Section [4. 3|l . A high value of v OI h implies 
that the pre-supernova system was tightly bound. Without 
a kick, mass loss in the explosion results in a very unbound 
system with each star having its pre-supernova velocity vec- 
tor unchanged. To keep such a system bound the kick must 
reduce the post-supernova relative velocity. Such a kick must 
lie close to the orbital plane and so cannot give rise to a large 
post-explosion misalignment angle i. 

For the lower value relative orbital velocity, that is for a 
wider pre-supernova system, v OT b = 150 kms -1 , we see from 
Fig-[2]that the permitted regions of parameter space are no- 
ticeably larger although still somewhat restricted. Because 
the kick no longer has to be aimed quite so accurately to 
cancel out the post-explosion relative velocity it is possible 
to acquire larger post-explosion misalignment angles i. 

4.2 Probability Distribution 

We have shown in Section \4. II that the range of values of Vk 
and <j> needed to give rise to the required systems is rather 
restricted. And of course each individual supernova explo- 
sion has no means of aiming for any particular restricted 
set. Thus, if we assume that the kick velocities acquired 
by the black hole have a certain distribution, and also that 
the directions of the kicks are randomly oriented in space, 
we can compute a probability distribution for the resulting 
misalignment angles i. 

As a dis tribution of i ntrins ic kick velocities we use 
the standard iHobbs et al.l l|2005h Maxwellian distribution 
of supernova kicks. We consider two cases, kicks with 
a high velocity peak (<Tk = 265 kms" 1 ) and a low ve- 
locity peak (<Tk = 26.5 kms" 1 ). For neutron stars there 
is some evidence that a combination of two such ve- 
locity distributioirs_Js_j^Ciuire observational 
data (|Arzoumanian. Chernoff fc Cordesll2002r ) . We integrate 
equation pip over the yellow regions illustrated in Figs. \T\ 
and [2] for bound systems with a system velocity in the re- 
quired range. We integrate the probability over this area 
using the Monte-Carlo integrator within mathematica. In 
Fig. [3] we plot the probability distribution for two different 
values of the pre-supernova orbital velocity f or b for these 
two values of a^. The high- velocity distribution of kicks 
(left panel) has a much lower probability of producing the 
observed system than the low-velocity distribution (right 
panel). Also, as we discussed above, lower values of u or b are 
more able to give rise to larger values of i. 

In Table Q] we list in Column 2 the probability Pi of 
getting a bound system with the post-supernova system ve- 
locity in the right range for different combinations of <7k and 
i> or b. In the remaining columns we show the probabilities 
that, given the conditions for Pi are satisfied, the misalign- 
ment angle is greater than a particular value. As is evident 




i/° 

Figure 4. The range of possible velocity kicks, v^, scaled by 
orbital velocity v OI b are shown for v OI ^, = 100 kms" 1 (dashed 
lines), Uort, = 150kms _1 (solid lines) and v OI ^, = 590kms — 1 
(dotted lines). The upper lines show the maximum and the lower 
the minimum kick velocity that can produce a system misaligned 
by each angle, i. 

from Fig. [3] we see that the probability of getting a bound 
system is much smaller with the higher <7k- However, if we 
produce a bound system, then we are more likely to get 
higher inclinations with the higher Ok. We discuss this fur- 
ther in the Section [5] 

4.3 Velocity Kick Range 

For a given initial orbital velocity, v OT b, and misalignment 
angle, i, there is a range of permissible velocity kicks, v^. 
These ranges are illustrated for particular values of v OT b and 
i with the highest and lowest velocity kick in the permit- 
ted regions described in Figs. [T] and [2] We plot the possi- 
ble ranges of as functions of i for three particular values 
of -y or b in Fig. U We can deduce that the lower the pre- 
supernova orbital velocity the larger the maximum possible 
velocity kick. To see this, we consider the range of velocity 
kicks that can produce misalignments of i — 10°, 20° and 
40°. For Votb = 590 kms -1 we find that we need a velocity 
such that Uk/Uorb ~ 0.33 or ~ 198 kms -1 to produce an 
inclination of i = 10°. This is shown in Table [2] This is the 
largest orbital velocity that can produce the system so this 
is the largest possible velocity kick. The ranges of permitted 
velocity kicks for other values of v OI b and i are shown in 
Table [3 



5 CONCLUSIONS 

We have considered what can be learned about the natal 
kick acquired by a black hole in a supernova by consider- 
ing the system GRO 1655-40. In line with the analysis of 
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Figure 1. The region of the i% — <f> plane for which the combination can produce a system with a misalignment of i = 10° (top left and 
top right for a more detailed look at the interesting region) and i = 20° (bottom left and bottom right for more detail). Here is scaled 
by the pre-supernova orbital velocity v OI ^, = 400kms — 1 . The solid lines are the curves of t>_|_ (equation where u) = 0. Below the solid 
line ui is not real. The dashed lines are V— (equation |3j where u) = 180° . Above this line u) is not real valued. Thus allowed values of 
and <f> must lie between these two curves. Below the dotted line the systems are bound and above they are unbound (equation [3} . Thus 
permitted values must also lie below the dotted line. In each panel the green dot-dashed line with smaller <j> values is for v aya = 115 km s _1 
and the other magenta one is for v ByB = 45kms _1 (equation [TOjl . For the post-supernova system velocity to lie in the required range the 
permitted parameters must lie between these two lines. The fully constrained regions are yellow. For i = 10° the permitted range is a 
small region of the total parameter space and is even smaller for i = 20° . 



Wil lems et al. I <|2005h we make use of kinematic data, but 
we add the additional constraint that the current black hole 
spin is not aligned with the orbital rotation. Of course, if 
the supernova explosion and collapse process in which the 
black hole is formed gives not just a linear impulse, but also 
angular momentum, to the hole, then the current misalign- 
ment is just a measure of the added angular momentum. 



The task we set ourselves is to ask if it is possible, given 
the various constraints, to rule out the possibility that the 
natal kick (if any) added just linear, and not angular, mo- 
mentum. To simplify the analysis we have fixed the masses 
of the stars before and after the supernova. To be fully con- 
sistent we could allow these masses to vary too and assign 
probabilities based on the likelihood of a given set of param- 
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o o 

-50 50 -50 50 

0/" 0/- 

Figure 2. As Fig.[T]but for v OI ^ = 150 kms -1 with misalignments i = 10° (left) and i = 40° (right). For i = 10° the yellow permitted 
region lies above the solid line, below the dotted line, to keep the system bound and below the two dot-dashed lines, to satisfy system 
velocity constraints. For i = 40° (right panel) the permitted region lies above the solid line, below the dotted line (for a bound system) 
and below the dot-dashed line to satisfy v sys 115 kms -1 . The right panel does not have a line for v aya = 45 kms -1 because for this 
no combination of and rf> can produce such a high inclination with such a low system velocity. At this lower value of i> or t, the allowed 
regions are larger than when v OI b = 400 kms -1 . 




Figure 3. Probability distributions for the misalignment angle i between the spin of the black hole and the orbital axis for the microquasar 
GRO J1655-40 with u or t, = 150 kms -1 (dashed lines) and v OI b = 400 kms -1 (solid lines). The left panel has cr^ = 265 kms" 1 and the 
right has <r k = 26.5 kms -1 . 



eters. However one set of masses proved to be sufficient to 
not rule out the null hypothesis. 

Our main results are summarised in Table [T] We have 
considered randomly oriented natal kicks with Maxwellian 
velocity distributions of 265 and 26.5 kms -1 for various sep- 



arations of the pre-supernova binary, parametrised in terms 
of its relative orbital velocity n or b . Column 2 gives the prob- 
ability Pi that a bound system with the appropriate proper- 
ties can be formed, ignoring any information about misalign- 
ment. It is immediately evident, that for low- velocity kicks 
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v olb /kms 1 


Pi 


P(i > 10°) 


P(i > 15°) 


P(i > 20°) 


P(i > 40°) 




= 265 km s" 1 












50 


0.00155 


0.99355 


0.99355 


0.98710 


0.97419 




100 


0.00967 


0.92968 


0.89142 


0.85212 


0.65460 




150 


0.01179 


0.81033 


0.70993 


0.60431 


0.19161 




200 


0.01209 


0.70259 


0.54751 


0.39109 


0.00088 




300 


0.01174 


0.52250 


0.29226 


0.11076 


0.00000 




400 


0.01143 


0.38446 


0.12884 


0.00000 


0.00000 




500 


0.01136 


0.28383 


0.04257 


0.00000 


0.00000 




= 26.5 kms 1 












50 


0.06070 


0.98575 


0.97831 


0.97049 


0.93358 




100 


0.18639 


0.73864 


0.60720 


0.47644 


0.07337 




150 


0.28588 


0.48675 


0.27915 


0.12740 


0.00098 




200 


0.36393 


0.28225 


0.09411 


0.01917 


0.00000 




300 


0.46989 


0.06416 


0.00419 


0.00008 


0.00000 




400 


0.51754 


0.08087 


0.00004 


0.00000 


0.00000 




500 


0.50958 


0.00051 


0.00000 


0.00000 


0.00000 



Table 1. For each combination of and n or b we show the probability that the kick produces a bound system, Pi, with the required 
system velocity in Column 2. In Column 3 we show the probability that given the conditions attached to Pi are satisfied, it also produces 
a system with a misalignment greater than 10° given that the system is bound and has the correct system velocity. Column 4 is the same 
for misalignments i > 15°, column 5 for i > 20° and column 6 for i > 40°. To satisfy the constraints of post-supernova system velocity 
and misalignment angle, the relevant probabilities need to be multiplied together. 



i/o 


u orb /kms 1 


^kmin/kms 1 


"kmax/kniS 1 


10 


590 


103 


198 




400 


76 


170 




150 


29 


147 




100 


33 


145 


20 


400 


142 


170 




150 


51 


147 




100 


38 


145 


40 


150 


96 


147 




100 


64 


145 



Table 2. The range of permissible velocity kicks tikmin Ss "k ^ Dkmax f° r a given pre-supernova circular velocity v orb that can produce 
the current system with misalignment angle i. These are independent of cr^. 



the probability of forming the system i s high, being typicall y 
around a few tens of percent (compare I Willems et alj|2005l) . 
The probabilities are lower for higher-velocity kicks, being 
typically around a percent. That is only around one in a 
hundred such pre-supernova systems would end up looking 
like GRO 1655-40. This is still probably not unreasonable. 

The remaining columns in Table [1] show the probabili- 
ties, given Pi that the additional constraint of the misalign- 
ment angle i can be satisfied, given our null hypothesis. It is 
evident that we are not able to rule out this null hypothe- 
sis, and so it is quite possible that the black hole formation 
process does not affect the angular as well as the linear mo- 
mentum of the resulting black hole. 

It is worth noting, however, that even without the align- 
ment information, it is easier to form the observed system 
with a low-velocity kick. Moreover, if the formation pro- 
cess did just impart linear momentum, then, with account 
for the fact that the likely alignment timescale is compa- 
rable to the age of the system sin ce the formation of the 
hole (jMartin. Tout fc Pringie]|2008l ) so that the initial mis- 



alignment angle i would have been in the range 20° — 40° , 
then it is evident that there is a strong preference for the 
pre-supernova system to have be fairly wide. Note that 
«orb = 50 kms" 1 corresponds to a binary separation of 
around 4.6 AU before the supernova. It is interesting that 
such a wide system could have avoided the traditional com - 
mon envelope required to shrink the orbit l|Verbuntl fl996) 



We also note, that if the current misalignment angle 
were large (say, i > 40°) then it would become increasingly 
difficult to satisfy the constraints for GRO 1655-40. In this 
respect we note that V4641 Sgr is a microquasar similar in 
many respects to GRO 1655 -40 and it has a c urrent mis- 
alignment angle of i ~ 55° (|Orosz et al.l l20o"lh . If further 
observations were able to provide a constraint on its post- 
supernova systemic velocity, v sys then it might be able to 
comment more securely on the null hypotheses. For example 
if it could be shown to have a large space w sys then satisfying 
the null hypothesis might be problematic. 
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